Introduction: Cardiac-surgery-associated-acute-kidney-injury (CSA-AKI) is associated with increased morbidity and mortality. Recent data from patients undergoing on-pump coronary artery bypass grafting suggest that a perioperative infusion of sodium-bicarbonate may decrease the incidence of CSA-AKI. The present study aims to analyze the renoprotective effects of a 24h infusion of sodium-bicarbonate in a large, heterogeneous group of cardiac surgical patients Methods: Starting in 4/2009, all patients undergoing cardiac surgery at our institution were enrolled in a prospective trial analyzing the relationship between preoperative cerebral oxygen saturation and postoperative organ dysfunction. We used this prospectively sampled data set to perform a cohort analysis of the renoprotective efficiency of a 24h continuous perioperative infusion of sodium-bicarbonate on the incidence of CSA-AKI that was routinely introduced in 7/2009. After exclusion of patients with endstage chronic kidney disease, off-pump procedures, and emergency cases, perioperative changes in renal function were assessed in 280 patients treated with a perioperative infusion of 4 mmol sodium-bicarbonate / kg body weight in comparison with a control cohort of 304 patients enrolled from April to June in this prospective cohort study. Postoperative changes in urine flow, plasma creatinine, estimated creatinine clearance, and the need for renal replacement therapy were determined according to AKI injury network criteria. Concomitantly, hemodynamics, treatments, complications, and clinical outcomes were recorded. Univariate statistical analyses were performed para-and nonparametrically, as appropriate. Results: With the exception of a lower prevalence of a history of myocardial infarction and a lower preoperative use of intravenous heparin in the bicarbonate-group, no significant between group differences in patient demographics, surgical risk, type, and duration of surgery were observed. Patients in the bicarbonate group had a lower mean arterial blood pressure after induction of anesthesia, needed more fluids, more vasopressors, and a longer treatment time in the high dependency unit. Despite a higher postoperative diuresis, no differences in the incidence of AKI grade 1 to 3 and the need for renal replacement were observed. Conclusions: Routine perioperative administration of sodium bicarbonate failed to improve postoperative renal function in a large population of cardiac surgical patients.
Introduction
Acute kidney injury (AKI) is a frequent complication in patients undergoing cardiac surgery [1, 2] . With respect to the multifactorial nature of this complication and the consequences for short-and long-term prognosis [3] there is an increasing clinical and scientific interest in this topic that has now been specifically referred to as cardiac surgery-associated kidney injury (CSA-AKI) [4] .
Recent work suggests that the renal excretion of hemoand myoglobin, as a consequence of the destruction of blood cells during cardiopulmonary bypass and tissue injury during prolonged periods of hypoperfusion, and the subsequent development of a pigment nephropathy, may play a pathophysiologically important role in CSA-AKI [5] . In support of this concept and with respect to the fact that urine alkalization with sodium bicarbonate (BIC) has traditionally been used to ameliorate the consequences of hemo-and myoglobinuria [6] , Haase and coworkers have recently shown that perioperative 24-h treatment with BIC reduced the incidence of AKI in a double-blind pilot trial including 100 patients undergoing on-pump cardiac surgery [7] ; findings that are currently being prospectively validated in 500 patients (the BIC-NC study; Clinical trials identifier NCT00672334)
With respect to the enormous impact of postoperative renal dysfunction on outcome in cardiac surgical patients, the sound pathophysiological basis, and positive historical experiences with urine alkalization in our center we decided not to await the results of the ongoing multicentre trial and implemented the concept of perioperative BIC infusion in July 2009 at our institution. With respect to the fact that since April 2009 almost all patients undergoing cardiac surgery at the University of Lübeck were enrolled in a prospective observational trial analyzing the association between preoperative cerebral oxygen saturation and postoperative organ dysfunction, we chose to use this database also to analyze the effects of routine BIC application on the perioperative changes in renal function and the incidence of AKI in this prospective, observational cohort study.
Materials and methods
Following approval by the local ethical committee (Ethikkommission der Universität zu Lübeck, Lübeck, Germany), all patients scheduled for cardiac surgery at the University of Lübeck from 1 April 2009 to 31 December 2009 were screened for participation in a prospective, observational trial on the relationship between preoperative cerebral oxygenation and postoperative organ dysfunction. The only exclusion criterion was age less below 18 years. Written informed consent was obtained from all elective and urgent patients as well as emergency patients who were able to communicate. In the case of sedated and/or intubated patients scheduled for emergency surgery, consent was obtained from the next of kin and reconfirmed after recovery.
From July 2009, all patients were treated with a perioperative infusion of BIC, and the treatment was maintained until the first results of the present study were available in December 2010. Following approval by the local ethical committee of amendment 5 to the primary request (reference number, 07-146), we specifically analyzed the perioperative changes in renal function and general patient outcomes according to the use or non-use of BIC. After exclusion of patients with end-stage chronic kidney disease, off-pump procedures, and emergency cases, perioperative changes in renal function were assessed in 280 patients treated with BIC in comparison with a control cohort (CON) of 304 patients enrolled from April to June. In addition to the standard treatment, plasma samples for determination of N-terminal pro B-type natriuretic peptide (NTproBNP) and high-sensitivity troponin-T (hsTNT) were drawn immediately before surgery.
The perioperative infusion of BIC was adapted from Haase and coworkers [ (7)]. A bolus of 0.5 mmol/Kg body weight (BW) in a balanced electrolyte infusion (500 ml) was infused within 30 minutes immediately after induction of anesthesia. Thereafter, a maintenance infusion of 0.15 mmol/Kg BW/h in 500 ml dextrose in water (5%) was applied within 24 h, giving a total dose of 4 mmol BIC/Kg BW during 24 h. Anesthesiological, surgical, and intensive care treatment followed the standardized algorithms established at the Department of Anesthesiology and the Department of Thoracic Vascular and Cardiac Surgery of the University of Lübeck.
Anesthesiological and intensive care treatments
Following oral premedication with 3.75 to 7.5 mg midazolam, and transfer to the operating room, sensors for the determination of cerebral oxygen saturation (ScO2) with an INVOS ® 5100 monitor (Somanetics, Troy, MI, USA) were applied bi-hemisperically before induction of anesthesia. Baseline ScO2 was determined in the resting state when breathing room air. General anesthesia was induced with sufentanil 0.5 μg/Kg BW, etomidate 0.2 to 0.4 mg/Kg BW and maintained at 0.8 to 1.0 minimal alveolar concentration of sevoflurane and remifentanyl at 0.2 to 0.4 μg/Kg BW/min, with the goal of early postoperative extubation. Muscle relaxation was achieved with rocuronium bromide 0.6 mg/Kg BW. During cardiopulmonary bypass (CPB), propofol at a dose of 4 to 5 mg/Kg BW/h was applied, since at that time volatile anesthetics could not be given via the CPB circuit. After surgery, all patients were transferred to the ICU, and after normothermia had been achieved, were weaned from the respirator as soon as possible.
Hemodynamic therapy aimed at a mean arterial blood pressure (MAP) between 60 and 90 mmHg, a heart rate (HR) between 60 and 90 bpm, a central venous pressure (CVP) between 10 and 15 mmHg, and central venous oxygen saturation (ScvO2) greater than 70%. In patients monitored with a pulmonary artery catheter, hemodynamic therapy was titrated to achieve a cardiac index > 2.2 l/ min/m2 and mixed venous oxygen saturation (SvO2) greater than 65% [8] . Pulmonary arterial pressure (PAP) was used to guide hemodynamic therapy for right heart and pulmonary vascular function.
Fluid therapy was performed by balanced cristalloid (Sterofundin ISO 1/1; BBraun; Melsungen, Germany) and colloidal (Volulyte ® , Fresenius, Germany; Gelafundin ® , BBraun, Melsungen, Germany) fluids, as suggested by a recent guideline [8] .
Surgical and cardiopulmonary bypass treatments
All surgeries were performed with CPB in moderate or deep hypothermia (according to the preferences of the surgeon and the scheduled type of surgery). Cardioplegic arrest was achieved by blood cardioplegia and repeated every 20 minutes. In coronary-artery bypass grafting (CABG), a single crossclamp was generally used. Non-pulsatile perfusion was performed during CPB. Pump flow, oxygen flow, and MAP were adjusted to maintain ScO2 levels higher than 50% absolute.
Clinical treatments and outcomes
Patients were discharged from the ICU to the intermediate care unit (IMC) if they were hemodynamically stable with only moderate inotropic and/or vasopressor support and were breathing spontaneously without the need for noninvasive ventilation. They were discharged to the surgical ward if they had been completely weaned from vasoactive or inotropic drugs, showed no signs of a relevant organ dysfunction (that is, pneumonia, AKI, severe neurological dysfunction, etcetera), and were free of delirium.
A perioperative myocardial infarction was defined as a relevant increase in myocardial necrosis markers (creatinine-kinase and creatinine-kinase MB fraction) in combination with the development of typical electrocardiographic findings or the detection of a new wall motion abnormality by echocardiography.
Indication and performance of renal replacement therapy
Indications for renal replacement therapy were as follows: potassium equal to or higher than 6 mmol/L despite forced diuresis or prolonged treatment with glucoseinsulin solution; fluid overload with imminent or present extrarenal organ dysfunction not responsive to moderate doses of diuretics (that is, more than 80 mg/d torasemide), severe low cardiac output state with persistent oliguria despite, or inadequate reaction to a bolus of a loop diuretic (furosemide 40 mg, torasemide 20 mg).
Renal replacement therapy was performed as venovenous hemodiafiltration in postdilution mode with a blood flow of 150 to 200 ml/min, an ultrafiltration dose of 20 ml/Kg BW/h, and a dialysis dose of 15ml/Kg/h.
Statistical analysis
Data entry and analysis were performed with MedCalc 12.1.4. for Windows. Following Kolmogorov-Smirnov testing for normality of distribution, data were analyzed by parametric and non-parametric tests, as appropriate. Accordingly, if not stated otherwise, data are presented as mean and 95% confidence interval for the mean, or median and 95% confidence interval for the median. A P-value < 0.05 was considered to indicate statistical significance.
The severity of postoperative kidney dysfunction was quantified according to the criteria of AKI as suggested by the Acute Kidney Injury Network [9] . Additionally, and with respect to the ongoing prospective trial on the effects of BIC on renal function in cardiac surgery patients (BIC-NC study; Clinical trials identifier NCT00672334), we determined the number of patients showing a postoperative increase in plasma creatinine between 25 and 50%.
Results

Comparability of the study cohorts
With the exception of a lower prevalence of a history of myocardial infarction (18.6% vs. 26.3%) and a lower preoperative use of intravenous heparin in the BIC group, the study cohorts were highly comparable regarding baseline demographics, surgical procedures, and surgical core data ( Table 1 , 2, and 3). No significant between-group differences were observed in the additive Euroscore, plasma levels of NTproBNP, high-sensitivity troponin-T, creatinine, and estimated glomerular filtration rate (eGFR) as accepted risk factors for postoperative renal dysfunction.
Hemodynamics and metabolism
Despite a comparable preoperative baseline, MAP after induction of anesthesia was significantly lower in the BIC group. Comparably, mean PAP was lower in these patients upon arrival on the ICU. No further significant between-group differences in hemodynamics were observed ( Table 4 ). Maximal postoperative blood glucose and lactate levels, as well as maximal Ph, were higher in the BIC group (Table 5) .
Intra-and postoperative treatments
While no significant differences in the need for mechanical circulatory support were observed (Table 2) , hemodynamic treatments differed markedly between the groups. Patients in the BIC group were treated with more crystalline and colloidal fluids, and more frequently and with higher doses of noradrenaline (Table 3) . No differences were observed in the use of inotropic drugs. No differences in the rate of transfusion of packed red cells, fresh frozen plasma, or thrombocyte concentrates were observed.
Renal outcomes
Patients in the BIC group had a higher diuresis within the first 24 h after surgery. No differences were observed in the use of diuretics (Table 5 ). Renal replacement therapy (RRT) was initiated in 7.2% of patients in the CON and 8.2% of patients in the BIC group. Time to initiation of RRT after ICU admission was 29.0 (19.0 to 39.0) h in the CON and 35.5 (24.5 to 49.0) h in the BIC group (P not significant). The specific changes in plasma creatinine, eGFR and the grading according to the Acute Kidney Injury Network criteria are depicted in Table 5 .
General clinical outcomes
Despite comparable postoperative ventilation times, duration of treatment in the ICU and in the high dependency unit (HDU) were significantly prolonged in the BIC group (Table 6 ). No differences in direct or indirect measures of morbidity and mortality were observed ( Table 6 ).
Discussion
AKI is not only a frequent complication in cardiac surgical patients [1] but has also been shown to be independently associated with morbidity and mortality [10, 11] . Unfortunately, little progress has been made within the last years in the development of strategies to reduce the incidence and improve the prognosis of this complication.
Recently, Haase and coworkers have elegantly delineated a pathophysiological line of evidence that the severity of the renal insult induced by on-pump cardiac surgery may, at least in part, be related to the degree of hemoglobinuria: the histological features of CSA-AKI resemble the pigment nephropathy typically observed during rhabdomyolysis [5] . Since alkalization of the urine is among the established measures to treat rhabdomyolysis [12] they used this concept successfully as a strategy for the prevention of CSA-AKI in a small pilot trial [7] . With respect to these promising findings, the relatively high incidence of CSA-AKI at our institution, the lack of other available measures for preventing renal dysfunction during cardiac surgery [13] , and the fact that urine alkalization for the treatment of rhabdomyolysis has a longstanding tradition in clinical medicine [12] , we chose to implement this concept into our clinical routine. It is of note that an interdisciplinary working group on this topic also gave a positive recommendation to use hydration and bicarbonate to reduce the nephrotoxic effects of myo-and hemoglobinuria [14] .
In contrast to these promising findings, the results of the present prospective observational cohort study show that, in a heterogeneous patient population and under the real life conditions of a University hospital, perioperative treatment with BIC does not reduce the incidence of CSA-AKI as measured by postoperative changes in creatinine, and the need for dialysis. Moreover, it is associated with clearly unwarranted effects like a decrease in arterial blood pressure (during the bolus application of BIC), an increased need for fluids and vasopressors, and an increased need for treatment in the HDU. The BIC dose chosen at our institution was comparable to the dose used by Haase and coworkers in their pilot study [7] . However, they did not observe any adverse effects or differences in the perioperative use of fluids. Unfortunately, the doses of vasopressors and inotropes used are not presented in this study.
With respect to the observational nature of our study, we cannot completely rule out the possibility that the adverse effects observed during the intervention period were related to other, unmeasured variables. However, the patient groups were ideally matched at baseline; not only with respect to conventional demographic factors and surgical procedures but also regarding the plasma levels of established cardiovascular risk markers. The patients were closely followed during the perioperative course, and a relevant number of patients were monitored invasively with a pulmonary arterial catheter to determine the cardiac index and SvO2. We are also not aware of any other clinical factor that was changed during this time: neither the introduction of another, new clinical treatment nor major changes in the treatment team. Thus it is rather likely that the observed adverse effects in the intervention period were indeed related to the use of bicarbonate infusion, that is, alkalization, despite only achieving minimal changes in maximal plasma pH.
Data show that BIC is frequently used in cardiac surgical patients to treat acidosis, especially during cardiopulmonary bypass. Despite this, few data are available on the short-and long-term hemodynamic effects of BIC. Tripathi and coworkers observed a biphasic response after the infusion of 1 mmol BIC/Kg BW during steady state conditions during CPB with an immediate venous pooling (leading to a decrease in the CPB reservoir volume), followed by a moderate increase in MAP. In contrast, observations in patients with end-stage renal disease show that higher dialysate bicarbonate concentrations lead to a decrease in arterial blood pressure during dialysis [15] , an effect that may be explained by an increase in endothelial nitric oxide production [16] .
Since the differences in maximal pH between the study groups were rather small (0.1 pH difference) despite being statistically significant, one may assume that the lack of a nephroprotective effect of bicarbonate infusion may be related to the fact that no adequate alkalization was achieved. It is of note that Haase and coworkers observed a mean difference in pH of 0.7 (7.38 to 7.45) [7] between the intervention and the control group with the same dose of bicarbonate. This discrepancy may be related to the fact that we did not record mean pH in the intra-and postoperative period, which would probably have better reflected the differences in this variable in comparison between the control and the intervention group. As an important difference in comparison with the previous pilot study [7] we did not specifically treat only patients at risk for CSA-AKI, since the identification of such patients is not trivial with respect to the multifactorial nature of this complication. Median CPB duration, an accepted risk factor for CSA-AKI, was relatively long in the present study population, suggesting that our patients may be regarded as at risk per se. Nonetheless, the risk for AKI attributable to prolonged CPB is probably lower than the risk of selected groups of patients presenting with multiple risk factors for AKI. Consequently our findings do not rule out the possibility that a perioperative BIC infusion may be nephroprotective in selected, especially vulnerable cardiac surgery patients, as are currently being recruited for the BIC-NC study.
Comparably, we cannot rule out that the minor effect of the BIC infusion on plasma pH in our study in comparison with Haase's work may be related to the different types of crystalloid infusions used: 0.9% sodium chloride in the Australian setting [7] and a balanced electrolyte infusion containing 24 mmol/L actetate in our study. Thus, one may speculate that the use of balanced fluids may reduce the effectiveness of BIC as a measure to prevent CSA-AKI, in comparison with the clinical setting in Australia in which patients were treated with more acidic solutions [7] . Interestingly, acetate itself does also have vasodilating properties [17] . Consequently, the higher doses of crystalloid solutions used in the intervention group may also have aggravated the vasodilatation (that is, the higher need for vasopressors) observed in the intervention period.
Limitations
Despite all efforts to follow the patients meticulously and to rule out other factors that may have influenced our results, the design of this study as an observational cohort study has a substantial risk of bias. The present ongoing BIC-NC study (Clinical trials identifier NCT00672334) will help to elucidate further, the risks and benefits of using BIC to prevent AKI in patients undergoing cardiac surgery.
With respect to the observational nature of this study we did not perform an a priori power analysis to determine if the sample size is adequate. However, we enrolled more patients than planned for the BIC-NC study and additionally tested the endpoint, namely, 25% increase in plasma creatinine, suggesting that our dataset is adequately powered.
Conclusion
In conclusion, the present prospective observational trial failed to reproduce the beneficial effects of a 24-h perioperative infusion of 4 mmol/Kg BIC on the incidence of AKI in patients undergoing cardiac surgery, that were recently shown in a small pilot trial. Routine treatment in a heterogeneous cohort with BIC was associated with an increased need for fluids and vasopressors. If this is a direct effect of BIC infusion, or the indirect effect of an associated treatment with balanced crystalloid solutions containing the vasodilating buffer acetate, merits further investigation.
Key messages
• The routine perioperative infusion of 4 mmol /Kg BW sodium failed to reduce the incidence of acute kidney injury and the need for renal replacement therapy in a heterogeneous cohort of cardiac surgical patients.
• Treatment with BIC was associated with hypotension, a higher need for vasopressors, and a prolonged stay in the HDU but had no other significant adverse effects on non-renal morbidity and 30-day mortality.
Abbreviations AKI: acute kidney injury; BIC: sodium bicarbonate; CABG: coronary artery bypass grafting; CI: cardiac index; CON: control (non-intervention) group; CPB: cardiopulmonary bypass; CSA-AKI: cardiac surgery-assocaiated acute kidney injury; CVP: central venous pressure; eGFR: estimated glomerular filtration rate; HDU: high dependency unit; HR: heart rate; hsTNT: highsensitivity troponin T; ICU: intensive care unit; IMC: intermediate care unit; MAP: mean arterial pressure; NTproBNP: N-terminal pro B-type natriuretic peptide; PAP: pulmonary arterial pressure; RRT: renal replacement therapy; ScO2: cerebral oxygen saturation; ScvO2: central venous oxygen saturation; SvO2: mixed venous oxygen saturation. 
